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OBJECTIVES We sought to evaluate the effects of spironolactone on neurohormonal factors in patients with
severe congestive heart failure (CHF).
BACKGROUND In the Randomized ALdactone Evaluation Study (RALES), spironolactone, an aldosterone
receptor antagonist, significantly reduced mortality in patients with severe CHF. However,
the mechanism of action and neurohormonal impact of this therapy remain to be clarified.
METHODS The effects of spironolactone (25 mg/day; n 54) or placebo (n 53) on plasma concentrations
of the N-terminal portion of atrial natriuretic factor (N-proANF), brain natriuretic peptide
(BNP), endothelin-1 (ET-1), norepinephrine (NE), angiotensin II (AII), and aldosterone were
assessed in a subgroup of 107 patients (New York Heart Association functional class III to IV;
mean ejection fraction 25%) at study entry and at three and six months.
RESULTS Compared with the placebo group, plasma levels of BNP (23% at 3 and 6 months; p 
0.004 and p  0.05, respectively) and N-proANF (19% at 3 months, p  0.03; 16% at
6 months, p  0.11) were decreased after spironolactone treatment. Over time, spironolac-
tone did not modify the plasma levels of NE and ET-1. Angiotensin II increased significantly
in the spironolactone group at three and six months (p  0.003 and p  0.001, respectively).
As expected, a significant increase in aldosterone levels was observed over time in the
spironolactone group (p  0.001).
CONCLUSIONS Spironolactone administration in patients with CHF has opposite effects on circulating levels
of natriuretic peptides (which decrease) and aldosterone and AII (which increase). The
reduction in natriuretic peptides might be related to changes in left ventricular diastolic filling
pressure and/or compliance, whereas the increase in AII and aldosterone probably reflects
activated feedback mechanisms. Further studies are needed to link these changes to the
beneficial effects on survival and to determine whether the addition of an AII antagonist could
be useful in this setting. (J Am Coll Cardiol 2002;40:1596–601) © 2002 by the American
College of Cardiology Foundation
Congestive heart failure (CHF) is characterized by the
progressive activation of several endocrine systems (1).
Increased levels of norepinephrine (NE) and natriuretic
peptides, such as atrial natriuretic peptide and brain natri-
uretic peptide (BNP), as well as activation of the renin-
angiotensin-aldosterone system (RAAS), have been de-
scribed and associated with a poor prognosis (2,3).
Aldosterone promotes the retention of sodium and the loss
of potassium, activates the sympathetic nervous system,
stimulates the development of myocardial and vascular
fibrosis, and causes endothelial and baroreceptor dysfunc-
tion (4,5). Angiotensin II (AII), which increases sympa-
thetic drive, aldosterone release, and cardiac remodeling, is
known to exacerbate the progression of CHF (6). Despite
progress achieved with angiotensin-converting enzyme
(ACE) inhibitors and, more recently, with beta-blockers,
mortality and morbidity remain high in patients with severe
CHF (7). Pitt et al. (8) demonstrated that a low dose of
spironolactone, an aldosterone receptor antagonist, signifi-
cantly reduced the risk of morbidity and mortality in
patients with severe CHF included in the Randomized
ALdactone Evaluation Study (RALES). However, the
mechanism(s) by which spironolactone affects survival re-
main(s) unclear. Recently, the beneficial effects of spirono-
lactone on markers of tissue collagen turnover and fibrosis were
reported in a substudy of RALES (9). The aim of the present
substudy was to assess, in the Belgian cohort enrolled in the
RALES trial, the effects of spironolactone on several neuro-
hormonal markers of the severity of CHF—namely, natriuretic
peptides, NE, endothelin-1 (ET-1), and AII.
METHODS
Patients and study design. Of the 130 patients from
Belgian centers who were randomized into the RALES
From the *Division of Cardiology, §School of Public Health, and Diabetes and
Nutrition Unit, University of Louvain, Brussels, Belgium; †Cardiovascular Division,
University of Minnesota, Minneapolis, Minnesota; and ‡Hartcentrum Limburg,
Genk, Belgium. This study was supported in part by a grant from Pharmacia,
Brussels, Belgium. With respect to a potential conflict of interest, Dr. Ketelslegers
received a grant from Pharmacia Belgium for the biochemical assays.
Manuscript received April 23, 2002; revised manuscript received May 28, 2002,
accepted July 15, 2002.
Journal of the American College of Cardiology Vol. 40, No. 9, 2002
© 2002 by the American College of Cardiology Foundation ISSN 0735-1097/02/$22.00
Published by Elsevier Science Inc. PII S0735-1097(02)02382-3
trial, we prospectively included 127 patients in the neuro-
hormonal substudy. Patients with the following inclusion
criteria were eligible for enrollment: a history of New York
Heart Association (NYHA) functional class IV within the
previous six months and class III or IV at the time of
randomization; full treatment with ACE inhibitors and
loop diuretics; and left ventricular ejection fraction 35%.
Patients were randomized to receive placebo or spironolac-
tone (25 mg/day). The mean survival follow-up period was
24 months. Neurohormonal plasma samples were obtained
at baseline and after three and six months of treatment. Of
the 127 patients with baseline neurohormonal data, 20 were
excluded from the follow-up because of premature death (n
 8) or dropout (n 12). Thus, data on 107 patients (Table
1) were available for analysis at baseline and at a minimum
of one follow-up time point. The number of samples
available in each treatment group at any time point is listed
in Table 2. Each patient gave written, informed consent,
and the protocol was approved by the local institutional
Review Board.
Measurements of neurohormonal markers. Venous blood
samples were obtained after 30 min of rest in the supine
position. Blood samples were collected in chilled tubes
containing 3 mmol/l EDTA and 9 mmol/l benzamidine
and stored on wet ice until centrifugation. Plasma was
carefully separated and frozen at 80°C. Briefly, 3 ml of
unfrozen plasma mixed with 1 g of guanidine hydrochloride
was extracted on SEP-PAK C18 cartridges (Waters, Mil-
ford, Massachusetts) and eluted with 0.1% trifluoroacetic
acid/80% acetonitrile. Natriuretic peptides (N-terminal por-
tion of atrial natriuretic factor [N-proANF] and BNP),
ET-1, and AII were measured on the same extracts by
radioimmunoassay, using specific antibodies and synthetic
peptides from Peninsula (Belmont, California), as well as
home-iodinated tracers purified by high-performance liquid
chromatography (HPLC) (10). There was no significant
cross reactivity between the assays; samples displaced tracer
parallel to their respective standard curve. The percent cross
reactivities of the antiserum for AII were 0.5% for AI and
100% for AIII. Recoveries, intra-assay and inter-assay
coefficients of variation, and the median effective dose
(ED50) were 70%, 7% and 10%, and 135 pg/ml for N-
proANF; 84%, 7% and 6%, and 350 pg/ml for BNP; 68%,
12% and 16%, and 140 pg/ml for ET-1; and 95%, 2% and
4.5%, and 110 pg/ml for AII, respectively. To provide
control values for natriuretic peptides and AII, blood
samples were obtained in 24 healthy age-matched control
subjects; normal values expressed as the geometric mean
value (95% confidence interval [CI]) were 219 (105 to 453)
Abbreviations and Acronyms
AII  angiotensin II
ACE  angiotensin-converting enzyme
BNP  brain natriuretic peptide
CHF  congestive heart failure
ET-1  endothelin-1
NE  norepinephrine
N-proANF  N-terminal portion of pro-atrial natriuretic
factor
NYHA  New York Heart Association
RAAS  renin-angiotensin-aldosterone system
RALES  Randomized ALdactone Evaluation Study
Table 1. Characteristics of the Study Population
Placebo
Group
(n  53)
Spironolactone
Group
(n  54) p Value
Age (yrs) 66  10 71  11 0.02
Gender (M/F) 37/16 37/17 0.99
Etiology of heart failure (n)
Ischemic 40 36 0.40
Dilated cardiomyopathy 11 16 0.37
Valvular 2 2 0.99
NYHA functional class (n)
III 39 46 0.16
IV 14 8 0.16
Ejection fraction (%) 23  7 24  6 0.50
Medications (n)
Diuretics 53 51 0.24
ACE inhibitors 51 51 0.99
Beta-blockers 16 8 0.07
Digitalis 30 38 0.16
Data are presented as the number of patients or mean value  SD.
ACE  angiotensin-converting enzyme; NYHA  New York Heart Association.
Table 2. Neurohormonal Plasma Concentrations at Baseline and
Three and Six Months of Follow-Up
Placebo
Group
Spironolactone
Group p Value
BNP (pg/ml)
Baseline 74 (64–85) 67 (59–76) 0.33
3 months 68 (59–78) 52 (45–61) 0.02
6 months 64 (54–76) 52 (44–61) 0.09
N-proANF (pg/ml)
Baseline 1,172 (983–1,397) 1,035 (860–1,244) 0.35
3 months 1,029 (845–1,252) 816 (655–1,017) 0.13
6 months 989 (800–1,223) 860 (695–1,064) 0.37
NE (pg/ml)
Baseline 654 (574–745) 651 (581–729) 0.96
3 months 666 (569–779) 668 (572–779) 0.98
6 months 640 (537–762) 644 (556–746) 0.96
ET-1 (pg/ml)
Baseline 10.0 (9.1–11.0) 9.5 (8.7–10.3) 0.42
3 months 9.7 (8.8–10.7) 8.7 (8.0–9.4) 0.08
6 months 10.4 (9.5–11.3) 9.6 (8.8–10.4) 0.17
AII (pg/ml)
Baseline 10.5 (8.0–13.8) 10.0 (7.5–13.4) 0.82
3 months 8.4 (6.5–10.9) 13.9 (10.4–18.7) 0.02
6 months 7.9 (6.0–10.2) 13.2 (9.7–17.9) 0.02
Aldosterone (nmol/ml)
Baseline 0.37 (0.31–0.45) 0.32 (0.25–0.41) 0.40
3 months 0.33 (0.27–0.41) 0.59 (0.47–0.72) 0.001
6 months 0.35 (0.29–0.42) 0.59 (0.46–0.75) 0.001
Data are expressed as geometric mean value (95% confidence interval). The numbers
of patients (assays) at baseline and 3 and 6 months in the placebo group were 53, 51,
and 43, respectively; in the spironolactone group, the numbers were 54, 50, and 46.
AII  angiotensin II; BNP  brain natriuretic peptide; ET-1  endothelin-1;
N-proANF  N-terminal portion of pro-atrial natriuretic factor; NE  norepineph-
rine.
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pg/ml for N-proANF, 11 (5 to 25) pg/ml for BNP, and 9.3
(8 to 10.6) pg/ml for AII. Normal values for ET-1 were 3
pg/ml. Serum aldosterone was measured by a commercial
radioimmunoassay (Abbott Diagnostics, Chicago, Illinois).
Intra-assay and inter-assay coefficients of variation were
3.7% and 6.3%, and the ED50 was 0.78 nmol/ml. Normal
values for aldosterone were 0.4 nmol/ml. Norepinephrine
was measured by HPLC with intra-assay and inter-assay
coefficients of variation of 7% and 12%, respectively. Nor-
mal values for NE in our laboratory ranged from 164 to 262
pg/ml, with a normal geometric mean value of 207 pg/ml.
Statistical analysis. Data are expressed as numbers for
discrete data, as the mean value  SD for normal contin-
uous data, and as the geometric mean value (95% CI) for
neurohormonal data due to a right-skewed distribution.
The placebo and spironolactone groups were compared
using the Fisher exact test for discrete data and the Student
t test for continuous data. Neurohormonal data were log-
transformed before statistical comparisons. Analysis of vari-
ance for repeated measures was used to analyze neurohor-
monal changes over time (11). Analysis of variance was
computed using a grouping factor with two levels (spirono-
lactone or placebo) and a repeated measurement factor with
three levels (0, 3, and 6 months). Because only 89 patients
were measured at baseline and three and six months, the
degrees of freedom (df) were 2 and 174 for the interaction
F test and for the time change F test. For the grouping effect
F test, the df’s were 1 and 87. Because of significant
interaction tests, changes over time were tested within each
treatment group. Bonferroni-corrected p values were used,
adjusting for four comparisons, because we considered only
changes from baseline within each of the two groups. Time
changes were expressed as ratios by taking the anti-log of
differences at three (T3/T0) or six (T6/T0) months from
baseline. All tests were two-tailed, and p  0.05 was
considered as statistically significant.
RESULTS
Patient characteristics. Of the original group of 127 pa-
tients, 11 had died in the placebo group and five in the
spironolactone group at the six-month time point. After a
mean follow-up period of 24 months, there were 46 deaths
(35%) in the study group: four were non-cardiovascular
deaths and 42 were attributed to cardiovascular causes (19
sudden deaths, 19 due to worsening heart failure, 2 due to
stroke, and 2 due to other cardiovascular causes). Consistent
with the main trial results, cardiac mortality was lower in the
spironolactone group than in the placebo group (21% vs.
38%, p  0.05). Considering the mode of deaths, we
observed a significant decrease in sudden deaths in the
spironolactone group compared with the placebo group (8%
vs. 22%, p  0.026).
As summarized in Table 1, no significant differences
between the placebo and spironolactone groups were ob-
served for the 107 patients for whom neurohormonal data
were available at baseline and at a minimum of one
follow-up time point, except that patients randomized in
the spironolactone group were slightly older than those in
the placebo group (71 vs. 66 years, p  0.02) and received
less beta-blockers (8% vs. 16%, p  0.07). Seventy-one
percent of our study population had ischemic cardiomyop-
athy, 25% had idiopathic dilated cardiomyopathy, and 4%
had valvular disease. Seventy-nine percent were in NYHA
class III. Patients were treated with loop diuretics and ACE
inhibitors in 97% and 95% of cases, respectively.
Neurohormonal measurements. Table 2 shows the neu-
rohormonal measurements at baseline and after three and
six months of follow-up. The severity of left ventricular
dysfunction is demonstrated by the high baseline levels of
NE, ET-1, BNP, and N-proANF, compared with the
normal values of each respective assay. No significant
difference was observed between the two groups.
NATRIURETIC PEPTIDES. As shown in Figure 1, the BNP
plasma concentration, expressed in time change ratios,
decreased by 23% in the spironolactone group compared
with the placebo group (0.99 vs. 0.77, p  0.004 and 0.96
vs. 0.77, p  0.05, respectively at 3 and 6 months). A
significant decrease of 19% in N-proANF was observed at
three months in the spironolactone group (1.0 vs. 0.81, p 
0.03) (Fig. 2) and a decrease of 16% at six months (0.99 vs.
0.84, p  0.11).
PLASMA NOREPINEPHRINE AND ENDOTHELIN-1. Compared
with placebo, spironolactone did not significantly change
the plasma levels of NE (0.98 vs. 1.03, p  0.64; 0.96 vs.
1.07, p  0.33) or ET-1 (1.03 vs. 0.94, p  0.10; 1.11 vs.
1.03, p  0.25) at three and six months, respectively.
ANGIOTENSIN II AND ALDOSTERONE. Compared with pla-
cebo, AII increased significantly at three and six months in
the spironolactone group (8.4 vs. 13.9 pg/ml, p  0.02 and
7.9 vs. 13.2 pg/ml, p  0.02). Furthermore, the AII ratios
of 3 months/baseline and 6 months/baseline also rose
markedly (0.78 vs. 1.41, p  0.003 and 0.66 vs. 1.41, p 
0.001) (Fig. 3). As expected (Fig. 4), a significant increase in
Figure 1. Changes in plasma levels of brain natriuretic peptide (BNP)
(expressed on a log scale) from baseline to three and six months in the
placebo and spironolactone groups.
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aldosterone levels was observed in the spironolactone group,
both in absolute values and in the ratios of 3 months/
baseline (0.92 vs. 1.75, p  0.001) and 6 months/baseline
(0.92 vs. 2.03, p  0.001).
DISCUSSION
Our study demonstrated that the administration of spirono-
lactone, an aldosterone receptor antagonist, significantly
reduced the plasma levels of BNP and, to a lesser extent,
N-proANF in patients with severe CHF, whereas AII and
aldosterone levels increased and NE and ET-1 levels re-
mained essentially unchanged.
Circulating plasma levels of cardiac natriuretic peptides
are inversely related to the severity of left ventricular
dysfunction and have been found to be prognostic predictors
(10,12). More specifically, the plasma BNP level is directly
correlated to changes in ventricular wall stress (13). Fur-
thermore, natriuretic peptides have several biologic func-
tions, including vasodilation, increased compliance in large
vessels, enhanced baroreceptor sensitivity, and renal effects,
particularly sodium excretion (14). Spironolactone can in-
fluence the progression of left ventricular remodeling by a
reduction in interstitial fibrosis and reorganization of the
collagen matrix (15–17). Thus, the reduction of BNP and
N-proANF levels could be related to an improvement of left
ventricular diastolic properties and/or filling pressures. Spi-
ronolactone may prevent myocardial fibrosis by blocking the
aldosterone effects on collagen formation, as suggested by
decreased levels of collagen markers such as the procollagen
type III aminoterminal peptide (9,13). Our data are also
consistent with the results of Tsutamato et al. (13), who
showed, after four months of spironolactone therapy (25
mg/day), a significant decrease in BNP and ANF levels in a
small group of patients with mild to moderate non-ischemic
cardiomyopathy.
Levels of NE and ET-1 also identify a CHF population
with a poor prognosis (18,19). The high-risk profile of our
population is confirmed by the marked NE and ET-1 levels
at baseline. We did not observe a decrease in NE and ET-1,
and these well-established neuroendocrine prognostic
markers failed to predict the beneficial survival effect,
suggesting that the effects of spironolactone on mortality are
related to mechanisms independent of adrenergic and en-
dothelin systems. Similarly, the plasma levels of NE and
ET-1 were not changed after spironolactone therapy in the
study performed by Tsutamoto et al. (13). The role of
aldosterone in sympathetic modulation is controversial, as
indicated in the study of Yee et al. (20), where whole-body
NE clearance and spillover did not appear to be significantly
affected by spironolactone therapy compared with placebo.
In that study, spironolactone reduced the heart rate and
improved heart rate variability and QT dispersion in pa-
tients with CHF, and these beneficial effects seem to be
related to the modulation of parasympathetic tone. More-
over, an antagonizing aldosterone effect could improve
baroreflex function, which is an important determinant of
sudden cardiac death. Therefore, spironolactone could pos-
sess properties able to reduce life-threatening arrhythmias
(21,22).
Figure 4. Changes in plasma levels of aldosterone (expressed on a log scale)
from baseline to three and six months in the placebo and spironolactone
groups.
Figure 2. Changes in plasma levels of N-terminal portion of pro-atrial
natriuretic factor (N-proANF) (expressed on a log scale) from baseline to
three and six months in the placebo and spironolactone groups.
Figure 3. Changes in plasma levels of angiotensin II (AII) (expressed on a
log scale) from baseline to three and six months in the placebo and
spironolactone groups.
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In our study, we observed direct evidence that spirono-
lactone therapy activated the RAAS. Spironolactone signif-
icantly increased the plasma levels of AII (and/or its
metabolite AIII, as cross-reactivity existed in our assay) and
aldosterone during the follow-up period. This observation
raises two additional questions: first, regarding the physio-
logic impact of this rise in AII, and second, the mechanisms
by which AII is further increased in the presence of an ACE
inhibitor. One can only speculate about the physiologic
consequences of the increase in angiotensin in the presence
of a decrease in BNP, as well as the likely blockade of the
effects of aldosterone at the cellular level. There were no
obvious changes in blood pressure, plasma creatinine, or
potassium levels. Furthermore, two other markers of vaso-
constrictor activity—NE and ET-1—were also unchanged.
Admittedly, this rise is modest, and the statistical signifi-
cance is also driven by the fact that the values decreased
slightly in the placebo group. However, AII can stimulate
left ventricular hypertrophy and perhaps cardiac myocyte
apoptosis. Accordingly, and despite the fact that the
changes remained essentially within a normal range, it
would be tempting to assess the changes in cardiac mass
during follow-up in these patients or to determine the
effects of an AII antagonist. Some benefit of an AII
antagonist has been recently reported in patients already
treated with an ACE inhibitor in the Valsartan Heart
Failure Trial (Val-HeFT) (23). However, because only 5%
of the Val-HeFT patients were receiving spironolactone, no
conclusion can be drawn yet regarding the safety and efficacy
of a combination of an ACE inhibitor/AII receptor blocker
and spironolactone (23). With respect to the mechanism
underlying the AII and aldosterone escape, this probably
reflects activated feedback mechanisms on the RAAS (24).
The possibility also exists that renin or ACE expression in
the failing heart could contribute to this enhanced produc-
tion of AII. Sun et al. (25) demonstrated that after myo-
cardial infarction in the rat, cardiac renin production was
induced and contributed to local AII generation. Mizuno et
al. (26) also showed in failing ventricles that the levels of
aldosterone had a highly significant positive correlation with
levels of ACE activity, suggesting that increased activity of
local ACE, causing conversion of AI to AII, may stimulate
production of aldosterone in heart failure. Silvestre et al.
(27) recently showed that cardiac aldosterone is activated in
the rat heart with myocardial infarction, and that this is
mediated primarily by cardiac AII. Thus, cardiac aldoste-
rone may play a major role in the progression of heart
failure, and spironolactone, an aldosterone receptor antag-
onist, may improve heart failure by blocking the action of
locally produced aldosterone in the failing heart.
Study limitations. One potential limitation of this study
could be a bias introduced by the unbalanced attrition of the
placebo and spironolactone-treated groups and by the small
imbalances noted for age and use of beta blockers at
baseline. However, the numbers of deaths, dropouts, and
missing samples at six months were relatively well balanced,
and the baseline characteristics of the two subsets of
patients, in whom six-month data were available, were not
only similar but also comparable to those of the whole study
group. Furthermore, differences in age and use of beta-
blockers would have tended to underestimate the benefit of
spironolactone and were therefore unlikely to affect the
conclusions. Another potential limitation of the study re-
lates to the specificity of the AII assay. The anti-serum used
for the AII assay cross reacted with AIII, another peptide
known to produce vasoconstriction and stimulate aldoste-
rone production. Thus, because AIII is also a biologically
active peptide, with effects qualitatively similar to those of
AII, the high concentration detected by the anti-serum used
indicates an abnormal activation of the RAAS (24). Because
of the disparity of baseline BNP levels in our study com-
pared with other studies, the specificity of the BNP assay
should also be considered. The higher baseline BNP values
observed in other laboratories likely resulted from utilization
of commercially available assays with technical differences in
the extraction procedure, standardization, and antibody
affinity for various circulating forms of BNP (28). In our
RALES cohort, we observed a sevenfold increase in baseline
BNP levels, compared with control values, and these levels
appeared consistent with severe CHF. Therefore, variability
in normal values related to the type of assay used is unlikely
to qualitatively affect our conclusions.
Conclusions. The present study indicates that spironolac-
tone has the opposite effects on BNP and N-proANF,
which are lowered during treatment, and AII and aldoste-
rone, which are increased. The lack of a decrease in the
neuroendocrine prognostic markers, NE and ET-1, sug-
gests that the beneficial effects of spironolactone are mainly
related to mechanisms independent of the adrenergic and
endothelin systems. The escape of AII and aldosterone,
probably reflecting activated feedback mechanisms, con-
firms the specific activity of spironolactone on the RAAS
system and supports the hypothesis that the beneficial
effects of spironolactone on the progression of heart failure
are mediated by the blockade of aldosterone receptors.
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